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How black holes accrete surrounding matter is a fundamental, 
yet unsolved question in astrophysics. It is generally believed 
that when the mass accretion rate approaches the critical rate 
(Eddington limit), thermal instability occurs in the inner disc, 
causing repetitive patterns1 of violent X-ray variability 
(oscillations) on timescales of minutes to hours. In fact, such 
oscillations have been observed only in high mass accretion rate 
sources, like GRS 1915+1052,3. These phenomena are thought to 
have distinct physical origins from X-ray or optical variations 
with much smaller amplitudes and faster (≲10 sec) timescales 
often observed in other black hole binaries (e.g., XTE 
J1118+4804 and GX 339−45). Here we report an extensive 
multi-colour optical photometric dataset of V404 Cygni, an 
X-ray transient6 containing a black hole of nine solar masses7 at 
a distance of 2.4 kpc8. Our data show that optical oscillations on 
timescales of 100 sec to 2.5 hours can occur at mass accretion 
rates >10 times lower than previously thought1. This suggests 
that the accretion rate is not the critical parameter for inducing 
inner disc instabilities. Instead, we propose that a long orbital 
period is a key condition for these phenomena, because the outer 
part of the large disc in binaries with long orbital periods will 
have surface densities too low to maintain the sustained mass 
accretion to the inner part of the disc. The lack of sustained 
accretion – not the actual rate – would then be the critical factor 
causing violent oscillations in long-period systems.  
    V404 Cyg, which was originally discovered as a nova in 1938 
and detected by the GINGA satellite in 19899, underwent an 
outburst in 2015 June after 26 years of dormancy. At 18:31:38 on 
June 15 (15.77197 Universal Time (UT)), Swift/Burst Alert 
Telescope (BAT) initially detected this outburst as a possible 
gamma-ray burst10. The outburst was also detected by the Monitor 
of All-sky X-ray Image (MAXI) instrument on June 16.783 UT11.  
    Following these detections, we started a world-wide 
photometric campaign (Extended Data Tables 1 and 2, Sec. 1 of 
Methods) partly within the Variable Star Network (VSNET) 
Collaboration, and collected extensive sets of multi-colour optical 
photometric data consisting of >85,000 points. Our dataset also 
includes early observations with the Taiwanese-American 
Occultation Survey (TAOS) starting on June 15, 18:34:07 UT, 2 min 
29 sec after the Swift/BAT trigger12 (Extended Data Tables 1 and 2, 
Sec. 1 of Methods on the VSNET collaboration team and TAOS). 
Some weak activity started approximately 1,000 s before the 
Swift/BAT trigger13. The same activity above 80 keV was also 
detected by the active anti-coincidence shield (ACS) of 
Spectrometer on INTEGRAL (SPI) telescope of INTEGRAL 
observatory in the same time intervals (P. Minaev, private 
communication).  
    Our observations immediately indicated that large-amplitude 
short-term variations on timescales of ∼100 s to ∼2.5 hours were 
already present, starting less than three minutes after the Swift/BAT 
trigger. In Fig. 1 and Extended Data Fig. 1, we show the overall 
optical multi-colour light curves. The overall trend of the light 
curves can be divided into three stages: (1) gradual rise during BJD 
(Barycentric Julian Day) 2,457,189–2,457,194.5 (brightening by 1 
mag d−1 on average), (2) the plateau during BJD 2,457,194.5–
2,457,200.0, and (3) rapid fading during BJD 2,457,200.0– 
2,457,203.3 (fading on average by 2.5 mag d−1). Short-term 
variations with amplitudes varying between 0.1–2.5 mag were 
observed throughout the outburst and consisted of characteristic 
structures such as recurrent sudden dips from a peak (Fig. 1).  
    Moreover, fluctuations similar in shapes to the unique X-ray 
variations of the enigmatic black hole binary GRS 1915+1052 are 
present in the optical light curve of V404 Cyg (Fig. 2). The patterns 
in the X-ray light curve of GRS 1915+105 have been classified into 
at least 12 classes on the basis of their flux and colour 
characteristics3. Repeating structures like these had not been 
observed in optical wavelengths prior to the 2015 outburst of V404 
Cyg. The variations that we observed can be divided into two 
characteristic classes: (1) dip-type oscillations (repetitions of a 
gradual rise followed by a sudden dip, sometimes with 
accompanying spikes on timescales of ∼45 min–∼2.5 hours; Fig. 2a, 
b, and c) and (2) heartbeat-type oscillations (rhythmic small spikes 
with short periods of ∼5 min; Fig. 2d). Although rapid optical 
variations have been detected in the black hole binary V4641 Sgr, 
the variations are stochastic with no indication of regular patterns14. 
The variations we found in V404 Cyg at optical wavelengths were 
regular and similar in shape to those in GRS 1915+105, although the 
interval between dips is about 5 times larger in V404 Cyg than in 
GRS 1915+105.  
    Using X-ray data from Swift/X-ray Telescope (XRT), we 
compared simultaneous optical and X-ray light curves (Fig. 3). 
When both X-ray and optical data showed strong short-term 
variations, the correlations were generally good, although the X-ray 
flux variations are much larger than the optical ones. The good 
correlation indicates that both X-ray and optical observations 
recorded the same phenomena (see also Sec. 2 in Methods and 
Extended Data Fig. 2). Spectral analyses of the simultaneous X-ray 
data (Sec. 3 in Methods and Extended Data Fig. 3) indicate that 
there was no tendency for increased absorption when the X-ray flux 
decreased, suggesting that these dips do not originate in absorption. 
In some epochs, we found evidence for heavy obscuration as found 
in the GINGA data during the 1989 outburst15; however this is not 
related to dip-type variations. We can thus infer that the short-term 
fluctuations directly reflect variations in radiation from the accretion 
disc or its associated structures. Detailed analyses of the typical 
simultaneous broad-band spectral energy distribution (SED) (Sec. 8 
of Methods and Extended Data Fig. 6) show that the majority of the 
optical flux is most likely produced by reprocessing of X-ray 
irradiation in the disc.  
    In GRS 1915+105, it has been proposed that the observed 
variability is caused by limit-cycle oscillations in the inner accretion 
disc due to the Lightman-Eardley viscous instability16, which can 
explain a slow rise in brightness (mass accumulation) followed by a 
sudden drop (accretion to the black hole). Such a model assumes 
that the black hole is accreting mass nearly at the Eddington rate, 
which is supported by observations of GRS 1915+10517. Similar 
types of X-ray variability have also been detected in the black hole 
binary IGR J17091−362418, whose Eddington rate is unknown 
because both the mass and the distance are uncertain.  
    In V404 Cyg, however, the accurate determination of the 
distance based on a parallax measurement8 and the dynamical mass 
determination7 enable us to conclude from our 2015 data that the 
black hole in this system was accreting at much lower rate than the 
Eddington rate most of the time. During the period when GRS 
1915+105-type variations in the optical light curves were recorded 
in V404 Cyg, its bolometric luminosity, averaged over an interval 
longer than the period of oscillation, spanned a wide range, from 
∼0.01 LEdd to ∼0.4 LEdd (where LEdd is the Eddington luminosity for 
a nine solar-mass black hole), as estimated from the hard X-ray flux 
and SED (Fig. 4 and Sec. 9 in Methods). Remarkably, the dip-type 
oscillations were observed at mean bolometric luminosity of ∼0.015 
LEdd, ∼0.07 LEdd, and ∼0.06 LEdd during BJD 2,457,191.35–
2,457,191.60, BJD 2,457,192.34–2,457,192.70, and BJD 
2,457,200.60–2,457,200.76, respectively.  
    It is also worth noting that a typical dip similar to those seen in 
GRS 1915+105 was observed just 3 min after the first detection of 
this outburst (Extended Data Fig. 1b). These facts suggest that the 
accretion rate is not the critical parameter for inducing these 
oscillations. Our results imply that there is a novel type of disc 
instability different from the known dwarf-nova type19 or 
Lightman-Eardley type16 instability.  
    We point out that black hole binaries showing large-amplitude, 
short-term variations either in X-ray or optical bands have long 
orbital periods. (33.9 d in GRS 1915+10520, ∼4 d in IGR 
J17091−362421, 6.5 d in V404 Cyg22, and 2.8 d in V4641 Sgr23; Sec. 
4 in Methods and Extended Data Table 3 for a comparison of these 
objects), reinforcing the earlier suggestion24. It has been proposed 
that the accretion disc in a system with a long orbital period suffers 
from instabilities in the vertical structure of the disc, and hence the 
disc beyond this radius of instability may never build up15,25. Our 
SED modeling of this outburst, however, requires a disc having a 
large radius (≳ 1.7 × 1012 [cm]), even considering the uncertainty of 
the interstellar reddening, particularly to account for the ultraviolet 
flux. This result implies that the disc extended up to distances close 
to the maximum achievable radius (Sec. 8 in Methods). This radius 
is consistent with the short-term optical variations significantly 
detected below 0.01 Hz (Sec. 6 in Methods) and the time lag of ∼1 
min between the X-ray and optical light curves (Fig. 3 and Extended 
Data Fig. 2) if we assume that the optical light mainly comes from 
reprocessed X-rays (Sec. 6 and Extended Data Fig. 5 in Methods). 
We note that synchrotron emission has been proposed to be the 
origin of the short-term and large-amplitude fluctuations in case of 
V4641 Sgr14. The optical polarization of V404 Cyg, however, did 
not show evidence of significant variations during the 2015 
outburst26,27. This fact disfavours synchrotron emission as the origin 
of the short-term variations.  
    Outbursts of X-ray transients are thought to be triggered by the 
dwarf-nova type instability: once the surface density at some radius 
reaches the critical density (Σcrit) after continuous mass transfer from 
the secondary star, thermal instability occurs and the disc undergoes 
an outburst19. In systems with long orbital periods, it is difficult for 
surface densities in the outer disc to reach Σcrit, which is roughly 
proportional to the radius28. As a result, thermal instability in the 
inner part of the disc occurs more easily and governs the outburst 
behaviour29. This is probably the reason why long-period systems 
behave differently than short-period “classical” X-ray transients. In 
fact, our estimate of the disc mass (5 × 1025 [g]) accreted during the 
2015 outburst is far smaller than the mass (2 × 1028 [g]) of a fully 
built-up disc in quiescence (Sec. 5 in Methods and Extended Data 
Fig. 4). These values indicate that the surface density was well 
below the Σcrit required to induce thermal instability in most parts of 
the disc at the onset of the present outburst. Once the X-ray outburst 
started in the inner region, hydrogen atoms in the outer part of the 
disc were ionized and “passively” maintained in the hot state as long 
as the X-ray illumination continued. This explains the large optical 
fluxes as observed28. The rapid decay observed in the 2015 outburst 
of V404 Cyg may reflect the lack of the exponential decay in 
long-period systems as theoretically predicted30. Because the surface 
densities in the rest of the disc were too low to sustain the outburst 
by viscous diffusion19, only the inner part of the disc was 
responsible for the dynamics of the present outburst, as inferred 
from the rapid fading from the outburst (Sec. 7 in Methods). We 
infer that, in outbursts of IGR J17091−362418, 21 and the 1938 
outburst of V404 Cyg (Sec. 5 and Extended Data Fig. 4 in Methods), 
the radius of the active disc is larger, which explains why the 
duration of those events is longer than that of the 2015 outburst of 
V404 Cyg.  
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Figure 1: Overall multi-colour light curves during the 2015 
outburst of V404 Cyg. This figure shows multi-colour light curves 
(B, V , R, I and no filters) during Barycentric Julian Day (BJD) 
2,457,189–2,457,207 (BJD 2,457,189 corresponds to 2015 June 15). 
We can clearly see that dip-type oscillations (variations with 
recurrent sudden dips) were observed from beginning to end of the 
outburst. The horizontal axis represents BJD−2,457,189. The 
significant periods of repetitive optical variations are indicated in 
gray and green colours for the “dip-type” and “heartbeat-type” 
oscillations, respectively.  
 
 
  
 
Figure 2: Short-term and large-amplitude optical variations 
having repeating structures in the 2015 outburst of V404 Cyg.   
Panels a, b, c, and d represent variations with characteristic patterns 
during BJD 2,457,193.6– 2,457,194.0, 2,457,197.7–2,457,198.0, 
2,457,198.6–2,457,198.9, and 2,457,200.34–2,457,200.6, 
respectively. (a, b, and c) There are gradual rises with increasing 
amplitudes of fluctuations followed by dips, during which 
fluctuations disappear. These variations are sometimes accompanied 
with spikes. The interval between two dips is ∼45 min–∼2.5 hours. 
(d) Repetitive small oscillations with high coherence are seen at 
intervals of ∼5 min. The shapes of these oscillations resemble those 
of GRS 1915+1053.  
 
  
 
Figure 3: Correlation between optical and X-ray fluctuations of 
V404 Cyg in the 2015 outburst.    The terms are (a) BJD 
2,457,194.126–2,457,194.140, (b) 2,457,197.050–2,457,197.065, (c) 
2,457,198.760–2,457,198.780, and (d) 2,457,199.430–2,457,199.450, 
respectively. Panels a and b cover the fading and rising phases, 
respectively. Panels c and d show the correlations of short-term 
fluctuations. When both X-ray and optical light strongly varied, the 
correlation is generally good (though note in panels a, c, and d that 
optical dips lag behind X-ray dips). The navy blue error bars 
represent 1σ statistics errors. We plot points without errors when 
errors are sufficiently small.  
 
 
  
 
Figure 4: The bolometric luminosity Lbol of V404 Cyg during the 
2015 outburst.    It is normalized at the Eddington luminosity 
assuming a black hole mass of 9M⊙. The Swift/BAT survey data 
(15–50 keV) and INTEGRAL Imager on Board the Integral Satellite 
(IBIS)/CdTe array (ISGRI) monitoring (25–60 keV) are shown in 
black and red points, respectively. The gray and green markers 
represent the periods of the “dip-type oscillations” and 
“heartbeat-type oscillations”, respectively. The black error bars 
represent 1σ statistical errors.  
 
Methods  
1. Detailed Methods of Optical Observations  
Immediately after the detection by Swift/BAT on June 15.77197 UT, 
the VSNET collaboration team31 started a worldwide photometric 
campaign of V404 Cyg. There was also an independent detection by 
CCD photometry on June 16.169 UT32. Time-resolved CCD 
photometry was carried out at 27 sites using 36 telescopes with 
apertures of dozens of centimetres (Extended Data Table 2). We also 
used the public AAVSO data33. We corrected for bias and 
flat-fielding in the usual manner, and performed standard aperture 
photometry. The observers except for TAOS34 used standard filters 
(B, V, RC, IC; we write R and I for RC and IC in the main text and 
figures for brevity. (Extended Data Table 1) and measured 
magnitudes of V404 Cyg relative to local comparison stars whose 
magnitudes were measured by A. Henden (sequence 15167RN) 
from the AAVSO Variable Star Database35. We applied small 
zero-point corrections to some observers’ measurements. When 
filtered observations were unavailable, we used unfiltered data to 
construct the light curve. The exposure times were mostly 2–30 s, 
with some exceptional cases of 120 s in B-band, giving typical time 
resolutions of a few seconds. All of the observation times were 
converted to Barycentric Julian Day.  
 
2. Comparison with X-ray Observations  
For the Swift/(XRT) light curves (Fig. 3 and Extended Data Fig. 2), 
we extracted source events from a region with a 30-pixel radius 
centered on V404 Cyg. To avoid pile-up effects, we further excluded 
an inner circular region if the maximum count rate of the XRT raw 
light curves, binned in 10 s intervals, exceeded 200 cts s−1. The inner 
radii are set to be 10 and 20 pixels at the maximum raw rate of 1000 
cts s−1 and 2000 cts s−1, respectively, and those for intermediate 
count rates were determined via linear interpolation between the two 
points. The presented light curves were corrected for the photon 
losses due to this exclusion by using the “xrtlccorr” tool. In addition, 
from panels a, c, and d of Fig. 3, we can see a time delay in the start 
of a dip in optical light, relative to that in X-rays. The delay time 
was ∼1 min, which is similar to the reported value of 0–50 s36. This 
was determined by cross-correlating the U-band and X-ray (0.3–10 
keV) light curves obtained with Swift/UltraViolet and Optical 
Telescope (UVOT) and Swift/XRT on UT 2015 June 2136. The 
observations were carried out when the source showed little rapid 
optical flickering and no extreme flares, and thus the nature of the 
lag may be different from that in our observations. We also note that 
the apparent difference between the Swift/UVOT and the 
ground-based times36 is caused by the drift of the clock on board on 
the satellite, to which we have applied the necessary corrections.  
 
3. Origin of Cyclic Dips: X-ray Spectra Obtained with 
Swift/XRT during the Optical Observations  
In order to examine the possibility that absorption by gas in the 
line-of-sight causes the observed violent flux variations in the 
optical and X-ray bands (Fig. 3), we studied intensity-sliced X-ray 
spectra. As a striking example, we show, in Extended Data Fig. 2a. 
This period corresponds to that in Fig. 3a when both the X-ray and 
optical fluxes exhibited a sudden intensity drop toward the latter part 
of the period. We divided it into five intervals (T1 to T5) (Extended 
Data Fig. 3a), and generated spectra through the tools “xrtpipeline” 
and “xrtproducts” for standard pipeline processing. We excluded the 
central 60-arcsecond strip from this Windowed Timing (WT) mode 
data, to avoid the heavy pile-up effect when the raw count rate 
exceeds ∼150ctss−1. We compared the νFν spectra of the five 
intervals, where the spectra are fitted by a single power-law model 
(“pegpwrlw”) multiplied by photoelectric absorption (“phabs”). The 
absorbed X-ray flux ranges by two orders of magnitude from 2.1 × 
10−9 erg s−1 cm−2 in T5 to 3.0 × 10−7 ergs s−1 cm−2 in T3. However, 
the best-fit column density and photon index were relatively stable 
over the five intervals, st ∼ 2 − 6 × 10−21 cm−2 and ∼ 1.0–1.5, 
respectively. Since the X-ray spectrum does not show a noticeable 
rise in column density when the X-ray flux sharply dropped, and 
since there is no stronger iron edge in the latter part of the 
observation, absorption cannot be the primary cause of the time 
variation in our datasets that cover the X-ray and optical bands 
simultaneously.  
 
4. Objects Showing Violent Short-term Variations in Outburst  
We show the list of X-ray binaries which have shown violent 
short-term variations either in X-rays or in optical wavelengths 
(Extended Data Table 3).  
    IGR J17091−3624 is known as the second BH X-ray binary 
whose X-ray light curves showed a variety of patterns, resembling 
those of GRS 1915+10518. The variations classified as class ρ 
(“heartbeat”), class ν (similar to class ρ but with secondary peak 
after the dips), class α (“rounded-bumps”), class β/λ (repetitive 
short-term oscillations after low-quiet period), and class μ were 
observed in the 2011 outburst18.  
    The Rapid Burster (RB or MXB 1730−335), a LMXB 
containing a neutron star (NS), was discovered by Small Astronomy 
Satellite (SAS-3) observations37. This object has been recently 
reported to show cyclic long X-ray bursts with periods of a few 
seconds resembling class ρ variations (“heartbeat”) in GRS 
1915+10524. Another type of variations which are similar to class θ 
variations (“M”-shaped light curves) were also observed24. The 
emission of the Rapid Burster did not reach the Eddington 
luminosity during these variations38.  
    V4641 Sgr was originally discovered as a variable star39 and 
was long confused with a different variable star, GM Sgr40. The 
object is famous for its short and bright outburst in 1999, which 
reached a optical magnitude of at least 8.8 mag41–44. V4641 Sgr 
showed short-term variations in optical wavelengths during the 2002, 
2003 and 2004 outbursts14,45–47. It was the first case in which 
short-term and large-amplitude variations in the optical range during 
an outburst were detected. V4641 Sgr is classified as a LMXB, and 
has a long orbital period. Its mass accretion rate is less than the 
Eddington rate (except for the 1999 outburst44,48). These properties 
are similar to those of V404 Cyg. However, while the short-term 
variations of V4641 Sgr seemed to be random, those of V404 Cyg 
showed repetitive patterns; this is the greatest difference between 
these two objects. There has been a suggestion that V4641 Sgr is a 
“microblazar”49 because the jets observed during the outburst in 
1999 were proposed to have the largest bulk Lorentz factor among 
known galactic sources43 .  
    There are also other X-ray transients showing short-term 
optical variations (e.g., XTE J1118+480 and GX 339−4). However, 
these two sources are Quasi-Periodic Oscillations (QPOs), 
characterized by very short periods. The periods are much shorter 
than those of repetitive patterns (tens  of seconds to a few hours), 
which we discuss in this letter. Furthermore, the amplitudes of their 
variations are significantly smaller than those observed in V4641 
Sgr4, 50 in timescales longer than tens of seconds.  
5. Estimation of the Disc Mass and Comparison with the 
Previous Outbursts  
Following the method in 15, we estimated the mass stored in the disc 
at the onset of the outburst. By integrating the X-ray light curve of 
Swift/BAT and assuming the spectral model C in Table 1 in 15, we 
obtained 5.0 × 1025 [g] assuming a radiative efficiency of 10 per cent 
and a distance of 2.4 (±0.2) kpc8. The mass during the 1989 outburst 
has been updated to 3.0 × 1025 [g] by using this updated distance. 
The stored mass in the 2015 outburst was approximately the same as 
that in the 1989 one. As discussed in 15, these masses are far smaller 
than the mass of a fully built-up disc, estimated to be 2.0 × 1028 [g], 
if these outbursts were starting at the outermost region.  
    We compare the published optical light curves of the 1989 and 
1938 outbursts51, 52 with our data from the 2015 outburst (Extended 
Data Fig. 4). We can see that these outbursts have different 
durations. The 1938 outburst was apparently longer than the others, 
and it may have had different properties from the 1989 and 2015 
ones. The fading rates of the 1989 and 2015 outbursts are 
significantly larger than those of classical X-ray transients6, or 
FRED-type (fast rise and exponential decline) outbursts, such as 
0.028 mag day−1 in V518 Per = GRO J0422+3253 and 0.015 mag 
day−1 in V616 Mon = A0620−0054. This supports the hypothesis that 
the outbursts in 1989 and 2015 are different from typical outbursts 
of classical X-ray transients and that the stored disc mass was by a 
factor of ∼ 103 smaller in the 1989 and 2015 outbursts than the mass 
of a fully built up disc.  
 
 
 
6. Power Spectrum  
We performed power spectral analyses on BJD 2,457,193, BJD 
2,457,196, and BJD 2,457,200. We used the continuous and 
regularly sampled high-cadence dataset obtained by LCO (Extended 
Data Table 1) with exposure times of 5 s (on BJD 2,457,193) and 2 s 
(others). The durations of these observations are 1.4, 3.1 and 2.2 
hours, respectively. Considering the read-out times of 1 s, the 
Nyquist frequencies of these observations are 0.08 and 0.17 Hz, 
respectively. The power spectral densities (PSDs) were calculated 
using “powspec” software in the FTOOLS Xronos package on 
magnitude measurements. We did not apply de-trending of the light 
curve since the durations of the individual observations were shorter 
than the timescale of the global variation of the outburst. The power 
spectra are well expressed by a power law [P ∝ f−Γ] with an index Γ 
of 1.9(± 0.1), 1.8(± 0.1), and 2.3(± 0.1) on BJD 2,457,193, 
2,457,196, and 2,457,200, respectively (Extended Data Fig. 5). 
Interpretation of the physical origins based of these variations is 
difficult because a power law index of ≈2 in the PSDs is often 
observed in natural phenomena. In this region (f < 0.01 Hz), the 
power originating in the optical variations of V404 Cyg is 
significantly higher than that of white noise estimated from the 
observations.  
    We next summarize the other reports on short-term variations 
of V404 Cyg during the present outburst. On BJD 2,457,191, this 
object was observed using the Argos photometer on the 2.1m Otto 
Struve Telescope at McDonald Observatory with an exposure time 
of 2 s55. They reported that the power spectrum was dominated by 
steep red noise. Observations on BJD 2,457,193 and BJD 2,457,194 
were also performed using the ULTRACAM attached with the 4.2m 
William Herschel Telescope on La Palma observatory with a high 
time resolution (466.8 ms)56. They reported that the variations were 
dominated by timescales longer than tens of seconds. Although large 
amplitude flares (0.3–0.4 mag) on time scales shorter than 1 s were 
reported57, these flares may be of different origin. For the variations 
with timescales longer than 100 s, our results agree with these 
reports55, 56 .  
 
7. Disc Radius Inferred from Final Fading Rate  
The timescale τ of heating/cooling waves in dwarf novae and X-ray 
transients58 is a function of the central mass (M1) and radius (r) with 
the form, τ ∝ αM−1/2r3/2, where α is the viscosity parameter59. Here, 
we estimate the disc radius of V404 Cyg assuming that the timescale 
of the final fading reflected a dwarf nova-type cooling wave. Using 
the Kepler data of V344 Lyr60 and V1504 Cyg, we measured a 
fading rate of 1.5 mag day−1 of the normal outbursts immediately 
preceding superoutbursts. During these outbursts, the disc radius is 
expected to be very close to the 3:1 resonance radius. Adopting a 
typical mass of a white dwarf in a cataclysmic variable (M1 = 
0.83M⊙61), we estimated the disc radius of V404 Cyg to be 7.8 × 
1010 cm for a black hole mass of 9.0 M⊙. This size is much smaller 
than the radius 1.2 × 1012 cm which is expected for a fully built-up 
disc15.  
 
8. Spectral Energy Distribution Modeling  
Extended Data Fig. 6a shows the multi-wavelength spectral energy 
distribution on BJD 2,457,199.431– 2,457,199.446, when the source 
was simultaneously observed in the X-ray, ultraviolet (U V ), and 
optical bands. The optical fluxes in the V and IC bands are taken 
from our photometric data averaged over the period. Note that 
RC-band data are also available but not used here, because of the 
contamination of the continuum strong Hα line62–64.  
    The X-ray spectrum is extracted from simultaneous Swift/XRT 
data (ObsID 00031403058), which were taken in the Windowed 
Timing mode. The data are processed through the pipeline 
processing tool “xrtpipeline”. The events detected within 20 pixels 
around the source position are removed to mitigate pileup effects. 
The U -band flux is obtained from the Swift/UVOT images with the 
same ObsID as the XRT, through the standard tool “uvot2pha” 
provided by the Swift team. A circular region centred at the source 
position with a radius of 5 arcsec is adopted as the source extraction 
region of the UVOT data. The optical, UV, and X-ray data are 
corrected for interstellar extinction/absorption by assuming AV = 465 
and using the extinction curve in 66 and the NH versus E (B − V ) 
relation in 67. Radio data are from the RATAN-600 observation 
performed in the same period68 .  
    The multi-wavelength SED can be reproduced with the “diskir” 
model69,70, which accounts for the emission from the accretion disc, 
including the effects of Comptonisation in the inner disc and 
reprocessing in the outer disc. We find that partial covering X-ray 
absorption (using the “pcfabs” model implemented in the spectral 
analysis software XSPEC) improves the quality of the fit 
significantly. The inner disc temperature is estimated to be 0.12 ± 
0.01 keV, and the electron temperature and photon index of the 
Comptonisation component, the ratio between the luminosity of the 
Compton tail and disc blackbody (LC/Ld), and the fraction of the 
bolometric flux thermalized in the outer disc (f ), are 17.5±0.8 keV, 
1.78±0.03, 1.17±0.03, and 1.3+0.6-0.8 ×10−2, respectively (the errors in 
this section represent 90% confidence ranges for one parameter). 
The inner radius (Rin) is estimated to be (1.5 − 5.4) × 108 cm, and the 
outer radius (Rout) is (2.5 ± 0.3)×1012 cm. The derived value of Rout 
is comparable to or even larger than the binary separation (∼2.2 
×1012 cm). However, it can be smaller due to uncertainties in 
interstellar/circumbinary extinction71 and/or the contribution of jet 
emission. For instance, if AV is 0.4 magnitude larger than the 
assumed value (4.0), Rout becomes 1.9 ± 0.2 × 1012 cm. The 
maximum achievable radius of a stable disc for a q (mass ratio) = 
0.06 object (Extended Data Table 3) is around 0.62A (radius of the 
2:1 resonance) to ∼0.7A (tidal limit), where A is the binary 
separation72. Considering the uncertainties, the result of our analysis 
(≳ 0.77A) is compatible with this maximum radius. Our result 
appears to favour a large AV value. For the partial covering absorber, 
the best-fit value of the column density is 5.2+0.4 × 1023 cm−2 and that 
of the covering fraction is 64 ± 4%.  
    The radio SED can be approximated by a power-law with a 
photon index of ≈1, as in other black hole binaries in the low/hard 
state73. This profile is likely generated by the optically-thick 
synchrotron emission from compact jets74. Because optically-thick 
synchrotron spectrum often extends up to the mm to near-infrared 
bands75–77, it may contribute to the optical fluxes, in particular at 
longer wavelengths. The blackbody emission from the companion, a 
K3III-type star7 with a radius of ∼3 R⊙ and a temperature of ∼4320 
K, contributes to the SED only negligibly.  
    Extended Data Fig. 6b plots the simultaneous SED on BJD 
2,457,191.519–2,457,191.524, which is ∼ 2 orders of magnitude 
fainter in the X-ray band than that shown in the left panel. The X-ray, 
UV, and optical data are taken from the Swift data (ObsID 
00031403038) and our photometric measurements in same manner 
as described above. This SED can be reproduced with the irradiated 
disc model as well, with somewhat smaller photon index 
(1.43+0.02-0.03) and inner disc temperature (< 0.07 keV), and a larger f 
(0.06+0.02-0.05) than those on BJD 2,457,199.431–2,457,199.446.  
 
9. Time History of the Bolometric Luminosity  
The bolometric luminosity Lbol of V404 Cyg is evaluated based on 
the hard X-rays above ∼15 keV where the intrinsic spectrum is less 
affected by an absorption. We processed the Swift/BAT archival 
survey data via “batsurvey” in the HEAsoft package to derive count 
rates with individual exposures of ∼300 seconds. Even within this 
short exposure, photon statistics are good during bright states (>0.05 
counts s−1). Assuming a Crab-like spectrum (1 Crab∼ 0.039 counts 
s−1), the BAT count rates R (counts s−1) are then converted into 15–
50keVflux(F15−50) and luminosity(L15−50) using F15−50 
=3.6×10−7R(ergs−1cm−1)and a fiducial distance of 2.4 kpc, 
respectively. In Fig. 4, we show Lbol after multiplying by a 
conversion factor Lbol/L15−50 = 7 determined from SED modeling 
(Sec. 8 in Methods). We find that this bolometric correction factor 
lies within the range of 2.5–10 by fitting nineteen 
X-ray(XRT)-optical simultaneous SED in different periods between 
BJD 2,457,192.019 and 2,457,201.011. Since the BAT survey data 
are rather sparse, in order to catch shorter-term variations, we further 
overlaid the INTEGRAL IBIS/ISGRI monitoring in the 25–60 keV 
band available at78, assuming a conversion parameter of 1 Crab rate 
to be 172.1 counts s−1 and a bolometric correction factor at 9.97.  
    The luminosity was highly variable during the outburst, 
changing by five orders of magnitude. While V404 Cyg sometimes 
reaches the Eddington luminosity (LEdd) at the peak of multiple 
sporadic flares, it also repeatedly dropped below 1–10% of LEdd (Fig. 
4). At earlier phases of this outburst, the characteristic oscillation 
already occurred during a lower luminosity state as discussed in the 
main text.  
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Extended Data tables:  
Extended Data Table 
1: A log of 
photometric 
observations of the 
2015 outburst of V404 
Cyg.  Start and end 
dates of observations, 
mean magnitudes, 1σ 
of mean magnitudes, 
numbers of 
observations, observers’ 
codes, and filters are 
summarized. Note that 
observers for TAOS 
used custom made 
filters close to the 
union of standard R 
and V 34, but the 
magnitude reported in 
this paper was 
approximately 
calibrated to standard 
R.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Extended Data Table 2: List of instruments for optical 
observations.  Observers’ codes (CODE) (see Extended Data 
Table 1), names of telescopes & CCD cameras, observatory (or 
observer) and sites are summarized.  
 
 
 
Extended Data Table 3: Basic information on objects showing 
violent short-term variations in outbursts.  Orbital period, nature 
of the compact object, spectrum of the secondary, mass of the 
central object (M1), mass ratio (q), inclination angle (i), minimum 
magnitude (V-band), and maximum magnitude (V-band) on V404 
Cyg, GRS 1915+105, IGR 17091−3624, the Rapid Burster, and 
V4641 Sgr.  
 
 
Extended Data figures:  
 
 
Extended Data Fig. 1: Optical 
and X-ray light curves of V404 
Cyg during an outburst in 2015 
June–July.    Panel a shows overall 
multi-colour light curves and 
Swift/BAT light curves. The plotted 
points are averaged for every 0.67 
days. Panel b is an enlarged view of 
the shaded box in panel a (the first 
detection of short-term variations). 
On BJD 2,457,203, the mean 
magnitude dropped below V =17.0. 
Superimposed on this rapid fading, 
the amplitude of variations became 
progressively smaller and smaller. 
After BJD 2,457,205, the mean 
magnitude seemed to be constant, 
and the outburst virtually ended.  
 
 
 
 
 
 
 
 
Extended Data Fig. 2: Additional examples of simultaneous 
optical and X-ray observations of V404 Cyg in the 2015 outburst 
except those in Fig. 3.    The left panels of panels a and b represent 
the correlations on BJD 2,457,192 and BJD 2,457,200, respectively. 
In the right panels, Swift/XRT light curves in linear scales are 
shown. The navy blue error bars represent 1σ statistic errors.  
 
 
 
 
 
 
Extended Data Fig. 3: Example of the soft X-ray light curve and 
spectra during the dip-type oscillation in the 2015 outburst of 
V404 Cyg.    (a) The ∼860 s-long Swift/XRT raw light curve (BJD 
2,457,194.125–2,457,194.135,  ObsID 00031403040) without pile-up 
correction, same as the X-ray data in Fig. 3a of the main paper. (b) 
Time-sliced soft X-ray spectra with pile-up correction, in the 
intervals of T1 to T5 determined in panel a. The exposures of 
individual spectra are ∼100–300 sec. The error bars represent 1σ 
statistics errors.  
 
 
 
 
 
 
 
 
Extended Data Fig. 4: Comparison of the 1938, 1989 and 2015 
outbursts of V404 Cyg.  The horizontal axis represents days 
BJD−2,429,186, BJD−2,447,673, and BJD−2,457,189, respectively. 
Photographic magnitudes are approximately the same as B-band.  
 
  
 
Extended Data Fig. 5: Power spectral densities of the early stage, 
the middle stage, and the later stage in the 2015 outburst of 
V404 Cyg.    Power spectral densities of the fluctuations on BJD 
2,457,193 (top, circles), BJD 2,457,196 (middle, triangles), and BJD 
2,457,200 (bottom, rectangles). The abscissa and ordinate denote the 
frequency in Hz units and the power in arbitrary units, respectively. 
For better visualization, the obtained spectrum is multiplied by 
8×10−4 on BJD 2,457,196 and by 10−4 on BJD 2,457,200. The errors 
are 1σ-corresponding values obtained from relevant chi-square 
distributions of the power spectra.  
 
Extended Data Fig. 6: Simultaneous, extinction-corrected 
multi-wavelength SEDs of V404  Cyg.    The intervals shown are (a) 
BJD 2,457,199.431–2,457,199.446 and (b) BJD 2,457,191.519–
2,457,191.524. The optical (V and IC) fluxes are averaged over the 
intervals, and the error bars represent their standard errors. The 
X-ray, U and UW2-band data are obtained with Swift and the errors 
represent  1σ statistic errors. The radio fluxes (open squares) are 
compiled from the RATAN-600 results at  BJD 2,457,199.43368. The 
red solid and dotted lines show the contribution of emissions from 
the irradiated disc with Comptonisation and from the companion star, 
respectively. The blue dashed line approximates the radio SED, 
which is extended to the optical bands for illustrative purposes.  
 
 
 
 
